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ABSTRACT 
2-76 f /  
T wo cyclotron - r e s onanc e p lasm a a c c e l e  r a to  r s have be en  
built. Both a r e  of the longitudinal-interaction type, and each has  
a 1. 1 5 2  inch inside diameter .  One fea tures  axial injection of the 
propellant through a hole in  the waveguide window. 
injection i s  employed in the other. A total  ca lo r ime te r ,  an  a r r a y  
of diode probes,  a n  energy  analyser ,  and potential probes have to 
date  been employed to study the exhaust s t r eam.  
acce le ra to r  has  beell shown to  have relatively low power efficiency 
( a  maximum of 4270 of the r - f  power was observed  in  the exhaust 
s t r e a m )  and the window design is not s t ruc tura l ly  adequate. 
l iminary  diode probe a r r a y  studies of the per iphera l  injection 
acce le ra to r  indicate that the efficiency may be bet ter .  
Pe r iphe ra l  
The axial injection 
Pre- 
The energy 
ana lyser  probe has  shown that the ions have m e a n  energ ies  of 
57-197 ev with spreads  of 15-3570. - 
1. INTRODUCTION 
This  r epor t  covers  the resul ts  accomplished during the f i r s t  s ix  
months of a study supported by NASA Contract  NA3-6266. 
recent  phase of a NASA-sponsored program ( e a r l i e r  Contract  Nos. NAS5-1046 
This  i s  the mos t  
and NAS3-3567) to develop a n  r-f dr iven electron-cyclotron resonance plasma 
acce le ra to r  for  space propulsion applications. 
p rogram,  an  acce le ra to r  having the following cha rac t e r i s t i c s  had been 
developed. 
Previous  to this cu r ren t  
1).  
steady equilibrium value) a t  up to 4150 watts r-f input power. 
2). Over 50% t r ans fe r  of r-f input power to power in the 
acce lera ted  plasma j e t  emerging f rom the engine. 
The objectives of these  cur ren t  studies a r e  basically three  fold: 
Steady s ta te  operation (engine tempera ture  having reached a 
1).  
design. 
2). 
understanding of the important operating p rocesses  within the 
acce lera tor .  
3 ) .  
charac te r i s t ics .  
The f i r s t  objective is being sought by two new bas ic  acce le ra to r  designs 
and a shortened var ia t ion of each. 
pursued by application of a variety of diagnostics techniques. 
Improve the engine performance by improving the acce le ra to r  
Improve the engine performance by gaining a m o r e  thorough 
Obtain a m o r e  complete m e a s u r e  of the engine thrus t  
The second and third objectives a r e  being 
As of this writing, only one of the basic  designs has  received a thorough 
study. 
cha rac t e r i s t i c s  and in  addition had s t ruc tu ra l  weaknesses  which became 
evident during testing. 
sufficiently to make any judgment yet  of i t s  qualifications. 
diagnostics techniques have for the mos t  pa r t  e i ther  been brought into use  
The resu l t  of this study i s  that  the design did not improve operating 
The al ternate  configuration has  not yet been evaluated 
The var ious 
1 
V 
The two basic acce le ra to r  designs a r e  shown in F igu res  4 and 5. 
Continuing the acce lera tor  designation sys t em begun f o r  X-band acce le ra to r s  
during Contract  NAS3-3567, these  will be r e f e r r e d  to as the Mark  IV and 
Mark  V designs. 
The Mark  IV-L th rus to r  (F igu re  4; the L designation indicating the 
long vers ion)  is an  axial-injection configuration in  which the propellant gas 
is injected f r o m  a p res su re  chamber  into the p l a sma  acce lera t ion  chamber  
through a small diameter  hole dr i l led completely through the c e r a m i c  di-  
e l ec t r i c  window. The sma l l e s t  hole which the window vendor was able  to 
~ 
2 
o r  a r e  well along to the point of application. 
This  repor t  will first descr ibe  the experimental  equipment: 
facil i t ies,  acce l e ra to r s  and diagnostics instruments .  Resul ts  to date  will 
then be gathered together. 
2. EXPERIMENTAL EQUIPMENT 
2. 1 T e s t  Facil i ty 
The experimental  work for  this contract  is being c a r r i e d  out in a new 
T e s t  Facil i ty,  financed by General  E l e c t r i c  facil i ty funds. This  facility, 
shown in the accompanying photographs and d i ag ram (F igures  1, 2 and 3) 
has the following specifications: 
vacuum tank: 4' diameter ,  6 '  long, full-sized hinged doors  each 
end, s ta in less  steel .  
pumping sys tem:  ( 2 )  oil diffusion pumps, each ra ted  a t  18, 000 
l i t e r s  p e r  second; es t imated  total  pumping capacity 
(taking into account flow re s i s t ance  due to right angle 
valves  and baffles) is 9000 liters pe r  second (20 ,  000 
l i t e r s  p e r  second without the baffles). 
ul t imate  attained p r e s s u r e :  
- 7  
1.6 x 10  mm Hg (without liquid ni t rogen in  baffles). 
high voltage power supply: 12.5 - 16 k v d c, 3 a m p e r e s  maximum. 
( th ree  phase full-wave bridge circui t ) .  
2. 2 Thrus to r s  
. 

Figure  2. Vacuum Faci l i ty  
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Hold ing  : W e l c h  1 4 0 3 B 
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V6, V8: 20" Rt .  A n g l e ,  C V C  VRA 216 
V7: 10" G a t e ,  C V C  VST 103M2 
B a f f l e s :  CVC BC210 
F i g u r e  3. V a c u u m  S y s t e m  - M i c r o w a v e  P h y s i c s  L a b o r a t o r y  
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Figure  5 X -B and Longitudinal - Inter  action Accelerator  ; P e r  ipher a1 
Injection (Mark V) 
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put through these c e r a m i c  pieces  was  approximately . 01 5 inches in diameter .  
In o r d e r  to reduce the propellant flow to the des i r ed  levels ,  however, the 
p r e s s u r e  chamber  had to be held down a t  such a l o w  p r e s s u r e  (- 50  t o r r  
absolute) that  a shielding (and damaging) discharge fo rmed  in  this  inter  
window region. 
or iginal  . 01 5 gas hole with a high-temperature  electrically-insulating cement  
(Sauere isen  type OW-30),  leaving a s m a l l  (<. 001 d i ame te r )  through hole. 
Th i s  resu l ted  in  interwindow p r e s s u r e s  g rea t e r  than a n  a tmosphere ,  high 
enough in general  to  prevent interwindow discharges  although occasional 
spurious e lec t r ica l  effects still did take place in this region. These  la t te r  
phenomena might have been related to behavior of the cement ,  which was 
observed  to exhibit some  small amount of react ion to the high-power r-f. 
Over the cour se  of perhaps 10 
indicated by increased flow for  a given p r e s s u r e ,  was  a l s o  observed. 
i f  th is  technique were to be employed in  a final engine, a much m o r e  s a t i s -  
factory filling mater ia l  m u s t  be found. 
This  undesirable  phenomenon was cured  by filling the 
3 
seconds operation, e ros ion  of the cement ,  
Thus,  
Both high purity alumina and beryl l ia  were  employed for  the thick 
( 1  / Z  A )  window in  the Mark  IV acce lera tor .  
window weakened i t  s t ructual ly  s ince in  all c a s e s  the windows eventually 
developed hair l ine rad ia l  c r acks  which penetrated through the en t i re  window 
thickness.  The  alumina windows failed v e r y  rapidly while the beryl l ia  units 
las ted  considerably longer. 
a thin sect ion adjacent to  the c e r a m i c  and the water  cooling. 
was to have been sufficiently flexible to take up any r ad ia l  s t r a ins  which 
might appear  i n  the window, but apparent ly  this m e a s u r e  was  inadequate. 
Apparently the hole through the 
Note that the window flange was designed with 
This  sect ion 
The inside diameter  of the waveguide through the p r e s s u r e  and p lasma 
chambers  is maintained at the 1. 152 inch polar izer  dimension. 
this r e su l t s  in considerably higher  window power density loading than in the 
two inch d iameter  Mark I acce le ra to r  ( s e e  F ina l  Report ,  NAS3-3567), i t  is 
below cutoff for  modes above the fundamental  
Although 
T E  mode  and SO will be 11 
8 
l e s s  affected by multiple modes and "ghost" modes within the window. 
Views of the Mark IV acce lera tor  mounted in operating position on 
the vacuum tank a r e  shown in Figures  6 and 7. 
The shor t  vers ion  of the axial injection acce lera tor  (Mark  IV-S) is 
identical  with the unit shown in  Figure 4 except that the p lasma chamber 
(between the 1 / 2  A )  window and the right-hand exit plane) has  been shortened 
to one inch. 
eliminated, and the p lasma chamber is made of s ta in less  s t ee l  ra ther  than 
copper. 
In addition, the wall  ca lor imeters  and r-f probes have been 
The a l te rna te  bas ic  acce lera tor  is shown in F igu re  5. In this  geometry 
a single solid dielectr ic  window is  used, and the propellant gas i s  injected 
per ipheral ly  through s ix  angling holes in  the p lasma chamber wall just  on 
the vacuum side of the window. The s a m e  1. 152 inch inside d iameter  is 
employed as for the Mark  IV design. 
has  a one-inch-long s ta in less  s teel  p lasma chamber without probes and wall 
ca lor imeters .  
The shor t  vers ion  (Mark  V-S) again 
Alumina, beryll ia and sapphire windows have been prepared  for  the 
Mark V acce lera tor ,  the l a t t e r  (sapphire)  being only 0. 10  inch thick, while 
the ce ramic  windows a r e  one-half wavelength thick. 
w e r e  again noted to  c rack  under any significant p lasma loading (e .  g. ,  1 kw). 
Extensive testing has  been performed with two beryl l ia  windows; one failed 
when the window tempera ture  w a s  allowed to r i s e  too high, and the second 
is still functioning satisfactorily.  
The alumina windows 
.L a, 
::-A thermocouple is located in  the p lasma chamber  wall adjacent to the 
window flange. 
9 
Figure 6 ,  Mark IV (Axial Injection) Accelerator ,  Mounted on Vacuum Tank. 
Fi ur 7. Phot raph of Assembled Axial-Injection (Mark IV) A 
10 
C 1 rat r 
2,  3 Magnetic Field 
A single coil (Magnion "plasma flux" coil, type PF3-285-175) is used  
with these acce le ra to r s ,  as i l lustrated in F igu res  4 and 5. 
on-axis field distribution is  plotted in F igu re  8. A three-phase bridge 
rec t i f ie r  c i rcu i t  has  been built to  supply the d -c  (up to 292a, 88 v ) fo r  
this  coil. 
The resul t ing 
2.4 R-f System 
The r-f sys t em to generate  the microwave power is shown in  F igu re  9. 
Note that the input r-f power to the acce le ra to r  is continuously monitored by 
a ca lo r ime t r i c  power meter .  The sys tem,  with this  power m e t e r ,  has  a l so  
been operated into a calibrated water l oad /ca lo r ime te r  (Varian,  Model 
V-4045F, Ser .  #19), comparing the two absolute power m e t e r s  up to 5 kw. 
2. 5 P l a s m a  Diagnostics 
2. 5. 1 Reflection Coefficient 
A pai r  of t he rmis to r  power m e t e r s  in  a s tandard  waveguide reflecto- 
m e t e r  a r rangement  ( s e e  F igure  9 )  is used  to compare  incident and ref lected 
power. 
each run using c rys t a l  detectors .  In all t e s t s ,  the tuner is used  to minimize  
the power appearing in  the reflected wave traveling back toward the klystron. 
Because this re f lec tometer  is located s e v e r a l  waveguide feet  back f r o m  the 
acce le ra to r ,  power los t  in heating the walls of the connecting waveguide a re  
not taken into account e i ther  i n  determining power incident on the p lasma o r  
in  determining the p lasma reflection coefficient. 
waveguide a r e  general ly  small, this cor rec t ion  should a l so  be small. 
In addition, these two powers a r e  cha r t  recorded  continuously during 
Since l o s s e s  along such a 
2.5.2 R-f P r o b e s  
R-f probes  located in  the acce le rao r  walls ( s e e  F igu res  4 and 5) re- 
spond to the r-f e l ec t r i c  field in  the vicinity of the probe. 
is rectified through a c rys ta l  detector and then recorded  on the cha r t  r eco rde r .  
The  induced signal 
11 
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These  probes  will behave much like the moving probe in  a slotted standing 
wave detector ,  and the sepa ra t e  probe s ignals  m u s t  be in te rpre ted  as 
responding at any instant to  the standing wave pa t te rn  existing within the 
acce le ra to r  at that instant. It m u s t  be r emembered ,  however, that this  
wave pa t te rn  will exis t  within a lo s sy  medium (p la sma)  s o  that the field 
s t rength will ultimately go to  z e r o  as depth within the p lasma increases .  
Although a n  attempt was made to make all probes as identical  as  possible,  
they will  not have identical sensi t ivi t ies  and s o  will have to be cal ibrated 
before they can be used on a comparat ive basis. 
An example of the char t  r e c o r d e r  r eco rd  is shown in F igure  10. 
The rap id  fluctuation causing the wide incident power t r a c e  is a 360 cps 
oscil lation probably attr ibutable to the ripple on the 3 phase bridge rec t i f ie r  
c i rcu i t  d -c  supply. 
during p lasma operation, suggesting that i t  may be an  electromagnet ic  noise 
The  noise on the probe s ignals  is generally present  
~ 
field radiating from the plasma. 
2.5. 3 W a l l  Calor imeters  
T h r e e  button ca lo r ime te r s  a r e  located in the p lasma chamber  walls of 
the Mark  I V - L  and Mark V - L  acce le ra to r s  as  shown in F igu res  4 and 5. 
Construction details a r e  shown i n  F igure  4. 
sufficiently insulated so that they continue to gain t empera tu re  throughout a 
tes t ,  but r a the r  they rapidly at ta in  an  equilibrium t empera tu re  indicative 
of the power incident on them f r o m  the plasma. 
f r o m  the cooling curve: 
These  ca lo r ime te r s  a r e  not 
This  power may  be calculated 
- t  IT  
A T = A T  e 
0 
where  AT is the t e m p e r a t u r e  ( re la t ive  to 
ult imate) at time t ,  and AT is the init ial  
t empera tu re  at t = 0. 
0 
The  t ime  constant 7 is found to be different  f o r  each ca lo r ime te r  and to be 
somewhat a function of t empera tu re  but is approximately 30 seconds.  F r o m  
14 
~~ 
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F i g u r e  10. Typical  Str ip-Chart  Recorde r  Record,  Argon, 2 kw, .2 mg/sec ,  
4060 Gauss  at r-f/Plasma Boundary 
15 
the cooling expression,  the power being los t  a t  any t empera tu re  (and the re -  
f o r e  the absorbed power) can  be der ived a s :  
0 
where (5 is the specific heat ( -  . 09  ca l /gm - C for  copper) and M is the 
m a s s  of the calor imeter .  Since the ca lo r ime te r s  have a m a s s  of .77 gm, 
this amounts to a power loss  of about .97 watt f rom each ca lor imeter  p e r  
100 C ca lor imeter  tempera ture  ( A  T ). Converting this  to power density 
by dividing by the known exposed a r e a  of the ca lo r ime te r s  (. 31 cm ) and 
0 
2 
L 
then multiplying by the acce lera tor  wall a r e a  (41 cm ) yields a power of 
about 1. 3 watts going to the acce le ra to r  walls p e r  1 C A T. 0 
2. 5.4 Total  Calor imeter  
A l a rge ,  cylindrical  copper ca lo r ime te r  ( 2 '  diameter  by 10" deep) 
This  is has been constructed for  plasma s t r e a m  power measurements .  
water  cooled so  that steady-state power measu remen t s  will be made. 
mounted on a movable shaft  so  that the p lasma power can be measu red  a s  
a function of distance away f rom the acce lera tor .  
in F igure  11 mounted on i ts  movable platform in the vacuum tank. 
It is 
This ca lor imeter  i s  shown 
The  inlet  and outlet  water  t empera tu res  a r e  measu red  with e lec t r ica l ly  
insulated thermocouples immersed  in  the water  l ines  a t  points a few inches 
before en t ry  into and af ter  emergence  f rom the ca lor imeter  collector.  Ice 
baths a r e  used for the re ference  junctions. 
Northrup "Speedomax" o r  Photovolt IIMicrocord' ') 
r eco rd  the thermocouple e. m. f . ,  a s  shown in  F igu re  12. Note that,  a t  a 
water  flow ra t e  of 1500 cc /min ,  the ca lo r ime te r  has  a t ime constant of 
approximately one minute. 
A millivolt  r eco rde r  (Leeds  and 
is used to meLsure and 
2.5.5 Diode Probes  
An a r r a y  of diode probes is being used to map  the exhaust s t r e a m  ion 
The probe design i s  shown in flux density and power density distributions.  
16 
I -  
Figure  11. Total  Calor imeter  Mounted on Movable Base  in Vacuum Tank 
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Figure 12. Typical Total Calor imeter  Outlet Tempera ture  Record 
During a Tes t ;  1500 cc /min .  Water Flow. 
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Figure  13. 
The probe c i rcu i t  is shown in Figure 15. 
those developed during a n  e a r l i e r  contract  ( s e e  F ina l  Repor t  NAS3-3567). 
A 28-unit a r r a y  of these probes  is i l lustrated in  F igu re  14. 
These probes  a r e  identical  to 
Power density is measu red  by measur ing  the t empera tu re  r i s e  of 
the collector cup during a t e s t  of known duration. 
capacity of the collector,  the t ime, and the t empera tu re  change allows 
calculation of the energy and the average power absorbed  by the cup. 
thermocouple leads f r o m  each probe pass  through the vacuum wall  at the 
cen t r a l  hub of the a r r ay .  
stepping switch is then used to connect the probe e. m. f. Is sequentially to  
a record ing  mill ivoltmeter (Photovolt "Microcord" Model 44). 
t empera tu re  decay r a t e  of each  probe collector is sufficiently small so 
that all 28 t empera tu res  can be recorded without any significant change in  
collector tempera ture  taking place during the recording time. 
Knowing the heat  
The 
An ice-bath cold junction is employed, and a 
The 
Ion flux density is measured  by biasing the collector s t rongly negative 
with r e spec t  to the enclosure and entrance gr id  so that all e lec t rons  are  
removed f r o m  the s t r eam.  The recorded  collector cu r ren t  ( through the 
copper thermocouple wire)  then gives the ion a r r i v a l  r a t e ,  and division by the 
probe entrance a r e a  (1. 26 cm ) yields ion flux density ( i o n s / c m  -sec) .  The 
gridded entrance causes  approximately an  870 shadow but prevents  the re ta rd ing  
f ie ld  f r o m  extending out into the space beyond the probe  and thereby increas ing  
the effective ion collection a rea .  
during NAS3-3567 studies,  but these cu r ren t  measu remen t s  give rise to some  
doubt, as d iscussed  in  the experimental  r e su l t s  section. 
2 2 
The validity of this procedure  was ver i f ied 
The re  a r e  16 mic roammete r s  so that ion c u r r e n t s  t o  all s ixteen probes 
can  be measu red  simultaneously. 
g raph  of the 16-meter  panel, as  shown in  the photographs of F i g u r e  16. 
can  be noted f rom the data  in  Figure 16 that ion cu r ren t s  are taken f o r  s e v e r a l  
( i n  this ca se  three)  col lector  bias voltages,  and the sa tura t ion  cu r ren t s  a r e  
in te rpre ted  f r o m  the resul t ing curves.  Although only a few tenths of a volt 
Cur ren t s  a r e  recorded  by taking a photo- 
It 
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. 
Figure  14. Multichannel Sampling -Probe  A r r a y  
a. Frontal  view, showing star pattern 
b. Ar ray  mounted on support shaft 
c. Close -up view, showing details  of the velocity-analyser 
probe (on center),  the potential probes (with emitting 
fi laments at t ips) and the diode (ion/power flux) probes. 
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F i g u r e  16. Typical 16-Channel, Sampling P robe  Data 
2 3  
should be needed to r e f l ec t  the p lasma e lec t rons ,  i t  is seen  that on the o r d e r  
of two hundred volts is needed to r each  ion sa tura t ion  current .  This  i s  ex-  
plained by realizing that,  a f te r  the e lec t rons  have been reflected,  the probe 
a c t s  as a n  ion diode and is space-charge  l imited,  governed by the well-known 
Child-Langmuir relation. 
a c r o s s "  to  the collector all the ions a r r iv ing  a t  the grid. 
The l a rge  col lector  voltage i s  required to "pull 
2. 5.6 Potential  P r o b e  
The p lasma potential probe cons is t s  of a heated emitt ing filament. If 
the probe cur ren t  response  curve near  p lasma potential i s  determined both 
with and without the probe emitting, the p lasma potential presumably can  be 
determined by either the "break" in  the I - V  curve  o r  by the potential a t  which 
the emitt ing and non-emitting I-V cu rves  (of the s a m e  probe) s t a r t  t o  diverge.  
Here,  I is probe cu r ren t  and V is probe bias  voltage. 
Since only relat ive probe cu r ren t s  a r e  needed for  the determination of 
p l a sma  potential, the probe shape is not cr i t ical .  
light bulb fi laments were  used as a conveniently available sou rce  of emitt ing 
tungsten probes.  
Thus ord inary  minia ture  
The plasma potential probes thus far used  each consis t  of a CE #43 
miniature  l amp  fi lament cemented to the end of a g lass  tube a s  shown in  
F igu re  17. 
they were  found to give sat isfactory life and 23-40 mi l l iamps  e lec t ron  
emiss ion  cur ren t  at 7570 f i lament  overvoltage (4 .4  volts AC).  
On testing s e v e r a l  such f i laments  within a n  anode and in  vacuum, 
Two of the above potential probes were  mounted on the "multi-channel 
probe a r r ay"  f r a m e  as shown in F igure  14. 
7 c m  f r o m  the center of the a r r a y ,  with the f i lament  of one of them (p robe  A) 
being 2 c m  ahead of the diode probes,  and the f i lament  of the o ther  potential 
probe (probe B) being 8.5 c m  ahead of the diode probes.  
Both probes  were  mounted 
3 
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2.5.7 Energy  Analyser Probe  
A two-gridded energy analysing probe has  been constructed for  
determining ion velocit ies.  
plate is positively charged (var iab le)  s o  a s  to collect  only those ions above 
a cer ta in  energy, a gr id  adjacent to the above plate is negatively charged so  
a s  to repe l  a l l  e lectrons,  and an outer gr id  is at ground potential so a s  to 
l imit  the f ie ld  from the negative grid. 
As indicated in  F igu re  18 an inner ion collector 
1 Some ea r l i e r  measurements  with a s imple gr id- less  sampling probe 
2 
indicated an exhaust ion cur ren t  density of about 1.5 mi l l i amps /cm . To 
successfully operate  a multi-gridded ion velocity analysing probe with such 
a plasma,  the probe mus t  be designed so  as to avoid space-charge l imitations.  
can  be used to determine the spacecharge 
2 
The Langmuir-Child equation 
l imited (i. e . ,  maximum permit ted)  ion cu r ren t  through the negative gr id  to 
the positive col lector :  
into the analysing probe, we find that the negative grid-posit ive collector 
spacing mus t  be decreased  to 0.09 cm (about 1 /32  inch) and the col lector-  
gr id  potential difference increased  to 150 volts if the ion cu r ren t  l imi t  is to 
2 
be increased  to 2 .0  mi l l i amps /cm . 
Assuming a monoenergetic beam of a rgon  ions directed 
' 
Since i t  is difficult to reduce the gr id-col lector  spacing to  l e s s  than 
1 / 3 2  inch without increasing the chances of forming gr id  r ipples ,  touching, 
and shorting out, the ana lyser  probe has  gr id-gr id  and gr id-col lector  
separat ions of 1 / 3 2  inch. 
space-charge l imitation can be fur ther  eased,  i f  necessa ry ,  by increas ing  
the negative gr id  potential. 
will considerably reduce the actual  ion cu r ren t  to the collector.  
Even maintaining the 1 /32 inch spacings,  the 
Also, the l imited " t ransparency" of the gr ids  
The use  of simple f la t  collector plate r e su l t s  in the lo s s  of some ion 
cu r ren t  due to the f a i lu re  of a sma l l  f ract ion of the ions to neutral ize  before  
leaving the collector surface.  
if the collector plate were  replaced with a var iably positive ion repell ing gr id  
followed by a negative (with r e spec t  to posit ive gr id)  ion collector plate. 
This  problem could be considerably reduced 
I 
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With a negative plate-positive gr id  spacing of 0. 09 cm i t  can be calculated 
as above that a potential difference of 
space charge cu r ren t  l imitation of 2. 0 mi l l i amps /cm . 
150 volts would be requi red  for a 
2 
[ A  negative collector 
cup of significant depth is thus not reasonable s ince the space  charge cu r ren t  
l imitation is universely proportional to the squa re  of the positive gr id  - 
negative collector sur face  spacing . ] Since such additional gr ids  and potentials 
considerably inc rease  the prac t ica l  problems of probe operation and data 
recording with relatively l i t t le  increase  in data quality, the energy analysing 
probe has  been constructed with a positive plate and no positive grid a s  
discussed in  the previous paragraph. 
2 
The ion energy ana lyser  probe thus f a r  used consis ts  of a nickel 200 
l ine pe r  inch (1. p. i. ) grounded grid,  a nickel 500 1. p. i. negative (e lec t ron  
repell ing) grid, and a positive ion selecting and collecting copper plate. 
200 and 500 1.p. i. g r ids  a r e  s ta ted by the manufacturer  to be 7070 and 5870 
t ransparent ,  respectively. As shown in F igu re  18, 1 / 3 2  inch thick Teflon 
washers  separa te  the gr ids  f rom each other  and f rom the collector plate. 
Of the l imited gr id  ma te r i a l s  available,  nickel has  been init ially employed 
because of its lower sputtering yield and higher melting point than copper. 
S imi la r  copper gr ids  a r e  available for use  i f  des i red ,  as a r e  gr ids  with 
c loser  wire spacings. 
The 
The above energy ana lyser  probe was mounted a t  the center  of the 
' 'multichannel probe a r r a y "  f r a m e  as shown in F igu re  14. 
mounted such that i ts  grounded gr id  was about 2.0 cm ahead of the diode 
probes and even with one of the potential probes.  
This  probe w a s  
2. 5. 8 Thrus t  Stand 
A t h rus t  stand for the cyclotron-resonance acce le ra to r  has  been designed 
and ordered.  
Its f ea tu re s  a r e  dominated by the l a rge  rectangular  p r e s s u r e  box, which 
houses the coil  and acce lera tor .  This enc losure  was necess i ta ted  by the 
An assembly  drawing of this s y s t e m  is shown in F igu re  19. 
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inability of the coil  to operate  in vacuum. 
consis ts  pr imar i ly  of positioning t r acks  f o r  init ial  and final balancing of the 
stand. 
sufficiently loaded S O  that  slight horizontal  t h rus t s  will cause appreciable  
bending of these legs. 
provides an  electr ical  signal proportional to the displacement. 
The  stand i tself ,  below the box, 
Four  thin flexible legs  ( p a r t s  #23)  support  the stand and will be 
A l inear  motion t ransducer  (supported by pa r t  # 3 3 )  
Elec t r ica l  power, coolant water  and propellant gas will be provided 
Calibration will be c a r r i e d  out by noting through the overhead couplings. 
the deflection result ing f rom a known axial  force.  
2 .5 .9  Microwave Probe  
A microwave probing signal has  been considered for use  in measur ing  
the electron density profile in the r - f /p l a sma  interact ion region, a s  descr ibed 
in the following paragraphs.  
The wave equation governs the propagation of an electrtiniagnetic wave 
through a plasma. F o r  a wave of the form;  
( 1 )  E = E  e x p j ( L t - k z )  
0 
the wave equation may be writ ten 
( 2 )  
2 
E 2 t k  E = O .  
2 
d x  
The propagation constant k for  a right-hand c i rcu lar ly  polarized wave may 
be derived f r o m  the equation of motion of an e lec t ron  giving 
where V is the collision frequency, ci is the e lec t ron  cyclotron frequency 
C 
and LL is the plasma frequency. 
P 
30 
A reasonable  approximation to  the e lec t ron  density distribution 
in  the r - f / p l a s m a  boundary region is  given by: 
where q is the e lec t ron  density (e lec t rons  p e r  cubic meter), 77, is the 
asymptot ic  e lec t ron  density deep inside the p lasma,  
coordinate ( i n  units of the f r ee  space wavelength), and y is the space  
degradation coefficient. 
5 is the axial 
The reflection coefficient can be obtained f rom a numer ica l  solution 
3 
to Equation ( 2 ) ,  incorporating Equations ( 3 )  and (4), i n  the manner  of Yen , 
who c a r r i e d  out a s imi l a r  analysis for  These  equations could be 
programmed for  computer solution of the complex reflection coefficient 
R ( W )  as a function of frequency for  var ious  cc: w , V ,  and y conditions. 
Since this absorpt ion will take place within waveguide boundaries,  the 
= 0. 
C 
P’ c 
plane wave situation for  which the Yen analysis  holds will not be valid, and 
waveguide impedance procedures  may be the mos t  convenient approach. A 
4 
procedure  in  which the t r u e  boundary is broken into a number of segments  
should a l so  be evaluated as a possibly eas i e r  and bet ter  method. 
In  o r d e r  to use  this microwave probe technique, measurement  of the 
reflection coefficient as a function of frequency would be requi red  in o r d e r  
to compare  with the theory. 
frequency osci l la tor  a s  well as a diplexer to launch and recover  this low 
power probing frequency in  the presence  of the high-power 8350 m c  wave. 
This would necess i ta te  i n  par t icu lar  a var iab le  
31 
3. EXPERIMENTAL RESULTS 
3 .  1 Mark  IV-L Accelerator  (Axial inject ion,  long vers ion)  
A photograph of the Mark  IV-L exhaust s t r e a m  is shown in  F igure  20 .  
If the reasonable  assumption is  made that the luminous region indicates  the 
approximate l imits  of the acce lera ted  s t r e a m ,  then this i l lus t ra t ion  indicates  
that the plasma does not "fountain" back following the solenoidal field l ines ,  
although it  does appear to continue spreading to some extent a f t e r  leaving 
the engine. 
p resented  i n  Figures  21 - 26. 
Quantitative measurements  on the Mark  IV-L acce le ra to r  a r e  
We note from Figure 21 that the reflection coefficient is ve ry  low 
(< 570). 
matched to the source ;  if tuning were  to  be c a r r e d  out a t  each t e s t ,  the 
ref lect ion coefficient could i n  a l l  instances  be kept essent ia l ly  zero .  
probe curves  do not lend themselves  to easy  interpretat ion;  undoubtedly the 
fact  that the plasma probably has a cone shape,  expanding away f rom the 
injection point, with propagation i n  the annular region between the cone and 
the waveguide wal l ,  has  much to do with the cha rac t e r i s t i c s  of these  s ignals .  
In addition, a reasonably complex probe signal pa t te rn  is to be expec ted  s ince 
these probes a re  indicative of the reasonably complex standing wave pa t t e rn  
which mus t  ex is t  T.vithin the acce le ra to r .  
a r e  s t ronger  than in the absence of p lasma,  probably due to both the annular  
propagation and standing wave effects.  
that one might have expected to have seen  more  c lear ly  the enhancement of 
propagation with increased magnetic f ie ld  s t rength,  as predicted theoret ical ly  
and a s  obtained i n  s imi la r  measurements  on the Mark  I acce le ra to r  during the 
NAS3 - 3 567 s tudies  . 
This ,  of course,  is a r e su l t  of tuning, so that the plasma load is 
The r - f  
These probe s ignals  with plasma 
An additional point of i n t e re s t  is  
The wa l l  ca lor imeter  t empera tu res  indicated i n  F igu re  22 exhibit the 
expected inverse  relationship between the magnetic field s t rength  and wall 
lo s s .  
r each  a n  equilibrium t empera tu re ,  and power received is  a function of ca lo r i -  
m e t e r  equilibrium tempera ture ,  as was explained i n  sect ion 2. 5. 3 .  
F o r  these ca lo r ime te r s ,  the r a t e  of heat l o s t  is such  that they rapidly 
Using 
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Figure  20. Exhaust S t ream Emerging f romMark  I V - L  Acce lera tor  (on 
the left) and Impingin 
Argon, 2 kw, 5 x lo-! t o r r  Background P r e s s u r e .  
on Ca lo r ime t r i c  Collector (on the right) ,  
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the 1. 3 wat t /degree figure s ta ted i n  sect ion 2,  5. 3 yields wall pou'er l o s s  of 
perhaps 100-150 watts a t  low f ie lds ,  decreas ing  to l e s s  than half of this a t  
the higher field s t rengths .  
(-10 
chamber  had suffered considerable e ros ion ,  with eroded copper (-0. 19 gm)  
being redeposited on the face of the engine flange. 
took place most  severely during those t e s t s  conducted a t  low fields.  
Inspection of the engine a f t e r  s eve ra l  days testing 
4 
seconds operating t ime)  revealed that the copper wall of the p lasma 
Undoubtedly this e ros ion  
Total ca lor imeter  power efficiency measurements  a r e  shown in  F igu res  
23 - 26. 
1. 
2. 
3. 
4. 
5. 
6. 
The folloy.ving i t ems  a r e  in te rpre ted  f rom these  cu rves :  
There  is  an optimum m a s s  flow ra t e  for  maximum efficiency 
(F igu res  23 and 24). 
At high flow r a t e s  (> optimum) the efficiency holds up be t te r  a t  
higher power due possibly to f rozen flow effects (F igu re  24). 
The re  i s  an  optimum field for  maximum efficiency (F igu res  25 
and 26). 
This optimum field is considerably above resonance a t  the 
window. 
The decrease  i n  wal l  l o s s  with increas ing  field (F igu re  22)  would 
a l s o  a id  in achieving this resul t .  
The optimum field is  approximately independent of power (F igu re  25) 
but appears  to occur  a t  a higher  value with nitrogen than \vith argon.  
The bes t  power efficiency for  the Mark  IV-L acce le ra to r  is approximately 
3570, with this s ame  peak achieved in  both a rgon  and nitrogen. 
P l a sma  diamagnet ism could contribute to this effect .  
More extensive testing of the Mark IV-L acce le ra to r  could have been c a r r i e d  
out,  but the poor power efficiency and the s e v e r e  wal l  e ros ion  suggested that t ime 
would be be t te r  spent investigating other  geometr ies .  
3.  2 Mark  IV-S Accelerator  (Axial-injection, sho r t  vers ion)  
The Mark  IV-S exhaust s t r e a m  photograph (F igu re  2 7 )  revea ls  that 
shortening the acce lera tor  has not gross ly  diminished the coll imation of the 
plasma jet. Power efficiency data a r e  presented  i n  F igu res  28 - 32. 
40 
F i g u r e  27. Exhaust S t r eam Emerging  f romMark  IV S Acce le ra to r ,  
Nitrogen, 2 kw, 1 x T o r r  Background P r e s s u r e  
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This acce lera tor  was m o r e  troubled by window fa i lure  than was the 
Mark  IV-L device. 
i n  the sho r t e r  acce le ra to r ,  although no specific cause could be discovered. 
As a re su l t ,  however, significant tes t s  were c a r r i e d  out with two windows, 
#B4 (F igure  28) and #B5 (F igures  29 - 32) ,  differing only slightly i n  the s ize  
of the axial injection hole. The B 4  window t e s t s  resul ted i n  generally higher 
efficiency, attaining on one tes t  4270, as shown i n  F igure  28. 
t e s t s  using the B5 window and varying the propellant spec ies  (F igures  29 - 3 2 )  
show that optimum efficiency is essentially independent of molecular weight 
but that  the optimum field s t rength  increases  with increas ing  molecular weight. 
Since no s tar t l ing inc rease  i n  efficiency resul ted f rom shortening of the a c -  
ce l e ra to r ,  and since in  addition wall e ros ion  continued to occur (although the 
wa l l  i n  this ca se  was s ta inless  s tee l ) ,  i t  was  decided to t u r n  to the per iphera l  
injection (Mark V )  acce le ra to r s .  Before making this change, however, the 
sampling probe a r r a y  was tes ted briefly with the Mark  IV-S acce lera tor  i n  
o r d e r  that  d i rec t  comparison with the total ca lor imeter  could be made. 
This could have been due to slight dimensional differences 
The s e r i e s  of 
Figure 3 3  i l lus t ra tes  a three-dimensional plot of the power density 
dis t r ibut ion as obtained by the diode probes f o r  one se t  of acce lera tor  operating 
conditions, 
is  shown i n  Figure 3 4 ,  and a n  average ion flux density profile for  these s a m e  
conditions is included as Figure 35.  
a r e  per formed i n  Tables I and 11. 
approximately 10% of the power for  these same conditions obtained with the 
total  ca lo r ime te r  (F igure  29). 
i o n s / s e c )  is  approximately 10% of the injected neutral  flux (. 42 m g / s e c  E 
9. 0 x 10 
An average  power density profile taken f rom the Figure 3 3  data 
Numerical integrations of these curves  
The power ( 6 4  watts)  comes  out to be 
18 
The ion flux (156 m a =  9.7 x 10 singly charged 
19 
The following causes  for the lowness of the power (relat ive to total  
nitrogen molecu le s / sec ) .  
ca lo r ime te r  measu remen t s )  can be conceived: 
1. The pat tern a s  seen from Figure 3 3  is somewhat i r r e g u l a r ,  with 
high density plasma beams being present .  It is possible that some 
of these beams,  carrying l a rge  amounts of the total plasma power,  
4 7  
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TABLE I. 
Integration of F igu re  34. Exhaust S t r e a m  Power ,  M a r k  IV-S Accelera tor ,  
nitrogen, . 4 2  mg/sec. ,  2 kw, 3840 gauss ,  acce le ra to r - to -a r r ay  dis tance 70 cm 
r 
n 
c m  
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
n-(n-1) 
A 
2 
cm 
3 
10 
15 
22 
28 
35 
41 
48 
53 
59 
66 
73  
79 
84 
90 
98 
105  
109 
117  
123 
- 
P 
2 
wt/cm 
. 04 
. 0 4  
. 0 5  
. 0 6  
. 08 
. 1 0  
. l l  
. 1 2  
. 1 3  
. 16 
. 17 
. 08 
. 0 3  
.02  
. 0 2  
. 0 2  
. 0 2  
.02  
. 0 1  
- -  
Total 
P 
watts  
- -  
- -  
1 
1 
2 
4 
4 
6 
7 
9 
11 
6 
2 
2 
2 
2 
2 
2 
1 
- 
6 4  wat ts  
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TABLE 11. 
Integration of F i g u r e  35. Exhaust S t ream Ion Flux, Mark  IV-S Accelera tor ,  
nitrogen, . 4 2  m g / s e c . ,  2 kw, 3840 gauss ,  acce le ra to r - to -a r r ay  distance 7 0  cm. a 
r 
n n- (n-  1) 
A 
- 
i 
2 2 
cm c m  u a / c m  ma 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12  
13 
14 
15 
3 
10  
15 
22 
28 
35 
41 
48 
53 
59 
66 
73  
79  
8 4  
9 0  
16 98 
17 105 
18 109 
19 117 
20  123 
110 
120 
130 
140 
150 
170 
190 
21  0 
230 
250 
25 0 
230 
180 
140 
120 
. 3  
1.2 
2.0 
3 . 1  
4.2 
6. 0 
7. 8 
10. I 
12.2 
14. 8 
16. 5 
16. 8 
14. 2 
11. 8 
10. 8 
90 8. 8 
60 6. 3 
40 4 . 4  
30 3. 5 
10 1 . 2  
Total 156.0  ma 
52 
4 
could have been missed  by the a r r a y .  
2. The fact that the a r r a y  was considerably fur ther  away f r o m  the 
'engine ( 7 0  c m )  than was the ca lo r ime te r  (43 c m )  could r e su l t  
i n  some dec rease  i n  the power,  a s  was demonstrated in  F igu re  23. 
3. The sc reens  a c r o s s  the probe or i f ices  would take out a ce r t a in  
percentage of the impinging s t r e a m .  
wires  could inc rease  the effective s c r e e n  "shadow" a r e a .  
4. Engine operating charac te r i s t ics  could have changed between the 
t imes  that the total  ca lor imeter  and diode a r r a y  were  employed. 
Sheaths around these s c r e e n  
5. Numerical e r r o r s  could exis t .  
Potential  P robe  Measurements  
The potential probes were f i r s t  used with the M a r k  I V S  acce le ra to r .  
Since f o r  these measurements  the data were  r ead  f rom m e t e r s ,  only two 
sketchy s e t s  of emitt ing and non-emitting curves  were  obtained during the 
l imited t imes  available.  
f r o m  the Mark  V - L  acce le ra to r  (discussed l a t e r )  and shown i n  Figure 36. 
The formsof these curves  a r e  s imi l a r  to those obtained 
Although the breaks  in  the I-V (i. e.  , probe cu r ren t  vs .  potential) 
cu rves  were not a s  sha rp  a s  desired and did not necessar i ly  ag ree  with the 
probe voltage a t  which the emitting and non-emitting curves  s ta r ted  to become 
mutually para l le l ,  the plasma potentials appeared to  be about +15 volts a t  the 
p robes ,  and the probe cu r ren t s  were a s  g r e a t  a s  0. 5 ma a t  t30 volts probe 
b ias .  
volts during one acce le ra to r  run, while probe B (6. 5 c m  c lose r  to acce le ra to r  
than A) indicated a local  plasma potential of perhaps  t17 volts during the next 
acce le ra to r  run .  
Specifically, probe A indicated a local  p lasma potential of perhaps +14 
Both of these values could be a s  high a s  t20 volts .  
Energy  Analyser P robe  Measurements  
In these f i r s t  measurements  with the energy  ana lyser  probe,  the probe 
da ta  were  obtained point-by-point f rom m e t e r s .  Consequently, the few points 
that  could be r ead  during a run gave plots which showed only the g r o s s  fea tures  
of the acce lera tor  ion energy .  The curves  thus obtained followed the s a m e  
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Accel. 
rf power 
(kw) 
2 
2 
1 
3 
general  pa t te rn  a s  shown i n  Figure 37. 
probe I-V response  curve which w a s  obtained with a n  X-Y plotter i n  conjunction 
with the Mark  V-L acce le ra to r  discussed elsewhere.  The ion energy d is t r ibu-  
tion is  determined f rom these  I -V  curves  by taking their  der ivat ive and plotting 
dI/dV v s .  (V-Vp) where I i s  probe cu r ren t ,  V is  vol ts ,  and V is plasma 
potential. F o r  this acce le ra to r ,  the potential probe indicated a p lasma 
potential of perhaps 15 vol ts .  
F igure  37 shows a n  energy  ana lyser  
P 
The energy  analyzer  probe r e su l t s  are  indicated in Table 111 below. 
P lasma Je t  Ions 
Avg. Energy Energy Spread 
(ev) (ev)  
96 28 
- 110 - 50 
85 35 
197 71 
TABLE 111. 
Before obtaining the I-V curves  which led  to  these r e su l t s ,  i t  w a s  determined 
that fo r  a Mark  I V S  two-kilowatt acce le ra to r  run, at l e a s t  -70 volts was r e -  
q.uired on the e lec t ron  repell ing grid to eliminate all e lec t ron  cur ren t  a t  the 
posit ive plate. 
vol ts  (for 3 kw run)  were  used in  a l l  cases. 
Consequently, repelling gr id  potentials of - 100 volts o r  - 150 
It can  be concluded f i r s t  that  the energy ana lyser  probe operated as 
expected. 
a m p  c m  
e lsewhere ,  the space charge l imit  for  this probe was calculated to be about 
Since no ion cu r ren t  exceeded 30 mic roamperes  total  (< 0. 1 mi l l i -  
-2  
), no space charge limiting could have occurred .  As d iscussed  
- L  
2 mil l iamps c m  . 
As to the probe r e su l t s ,  we see  f r o m  Table 111 that the ma in  body of 
ions tend to r e a c h  the energy ana lyser  probe with energy sp reads  of 30-70 
e lec t ron  volts and average  e(V-V ) energ ies  of about 85-200 e lec t ron  vol ts ,  
P 
55 
. 
h 
W 
I- < 
-J n 
Y 
7 
0 
- 20 
- i o  
0 
r 
+ 5 ’  I I I 1 
0 100 200 
PLATE VOLTAGE (VOLTS) 
Figure  37. Energy Analyser P robe  Response Curve. P r o b e  i s  Located 
68 cm f romMark  V-L Accelera tor ,  with P r o b e  Elec t ron  
Repelling Gr id  Biased at -250 Volts 
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A 
the average  energy increasing as the rf power level is increased  f r o m  one 
to th ree  kilowatts. 
resu l t  is that the lowest rf power level runs  of the acce lera tor  appeared to 
yield the highest ion cu r ren t s .  
This t rend i s  as  expected. However, an  interest ing 
3. 3 Mark  V-L Accelerator  (Per ipheral- inject ion,  long vers ion)  
Since the re  i s  considerable e f fo r t  involved i n  setting up and removing 
the probe a r r a y ,  init ial  t es t s  on the M a r k  V - L  acce lera tor  were made using 
the a r r a y  since i t  was a l ready  in  position f r o m  the f i n a l  Mark  IV-S t e s t s .  
Power  density and ion flux density curves  fo r  one operating point a r e  shown 
in  F igures  38, 39 and’40. 
i n  Tables IV and V. 
calculated i n  Table I for the Mark IV-S acce le ra to r ;  i f  an  equivalent ra t io  of 
probe-obtained to calorimeter-obtained power exis ts  for the M a r k  V-L a s  for  
the Mark  IV-S acce le ra to r ,  one can expect ve ry  favorable efficiency for the 
per iphera l  injection device; this mus t ,  of cour se ,  be verified by actual total 
ca lo r ime te r  t e s t s .  The ion flux (41. 2 ma 2.6 x 10 singly-charged-ions/sec) 
is  again quite a bit l e s s  than the injected neutral  flux (. 28 m g / s e c  
4. 2 x 10 
The power and ion flux integrations a r e  performed 
The total  s t r eam power i s  approximately 3 t imes  the power 
17 
18 
If 20 c m  is taken a s  the outer  radius  of the s t r eam a t  7 0  c m ,  as s e e m s  
argon molecules / sec) .  
reasonable f rom Figures  38, 39 and 40, then a 16O 
the plasma s t r eam.  Since the outer l imi t  of the s t r e a m  has not actually been 
reached i n  these measurements ,  however, i t  would be well to r emeasu re  the 
s t r e a m  with the a r r a y  located closer  to the acce le ra to r .  
h a l f  angle resu l t s  for  
Pot  entia1 P robe  Mea su r  eme nt s 
The potential probes were used on seve ra l  runs of the Mark  V - L  
acce le ra to r .  
on  a n  X-Y plot ter ,  the curves  a r e  bet ter  and much m o r e  numerous than was 
the c a s e  with the Mark  IV-S acce lera tor  a l ready  discussed.  
Since for  these runs the cu r ren t  and voltage data were recorded 
To determine the potential probe emiss ion  cur ren t  ( I )  a s  a function 
of potential difference (V)  between probe and surroundings,  the probe I -V 
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TABLE IV. 
Integration of F igure  39. Exhaust S t r eam Power ,  M a r k  V-L  Accelera tor ,  
a rgon ,  . 28  m g / s e c . ,  2 kw, 3730 gauss,  acce le ra tor - to-ar ray  distance 7 0  cm 
r n 
cm 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
n-(n- 1) 
2 
A 
cm 
3 
10 
15 
22 
28 
35 
41 
48 
53 
59 
66 
73  
79 
8 4  
90 
98 
105 
109 
1 1 7  
123 
I 
P 
2 
wt / cm 
.20  
. 2 3  
.27  
. 2 9  
. 3 1  
. 3 3  
. 3 2  
. 3 1  
. 3 0  
. 27 
. 2 3  
. 17 
.11 
. 1 2  
.14  
. 1 5  
. 1 3  
. 08 
. 0 5  
. 0 2  
Total  
P 
wt 
1 
2 
4 
6 
9 
12 
13 
15 
16 
16 
15 
12 
9 
1 0  
13 
15 
14 
9 
6 
2 
- 
199 watts 
61 
TABLE V. . 
Integration of Figure 40. Exhaust S t ream Ion Flux, Mark  V - L  Accelera tor ,  
argon, . 2 8  m g / s e c . ,  2 kw, 3730 gauss ,  acce le ra to r - to -a r r ay  dis tance 7 0  cm.  
r 
n 
cm 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
n-(n-1) 
2 
A 
cm 
3 
10 
15 
22 
28 
35 
41 
48 
53 
59 
66 
73  
79 
8 4  
90  
98 
105 
109 
117 
123 
- 
i 
2 
p a / c m  
2 4  
28 
32  
3 4  
37 
39 
39 
37 
35 
35 
36 
37 
38 
40 
43 
43 
40 
29 
18 
5 
Total 
i 
m a  
. 1  
. 3  
.5 
. 7  
1.1 
1 .4  
1.6 
1.8 
1.9 
2. 1 
2 . 4  
2.7 
3. 0 
3.4 
3. 9 
4. 2 
4. 2 
3.2 
2. 1 
. 6  
41. 2 rna 
62 
curves  lvere measured  when emitting in  the acce le ra to r  testing tank, but 
with the acce le ra to r  not operating. 
for  both probes A and B. Since the emission cu r ren t  of both probes was 
-0 .  03 mil l iamps a t  V = 0 vol t s ,  this value w a s  used a t  the "break" in the 
emitt ing probe p lasma I-V curves so as to a id  in  es t imat ing the p lasma 
potential a t  the probe position. 
distance (sheath thickness)  i s  smal le r  than in  the case  of no plasma where 
the p lasma sheath thickness is replaced by the probe-to-tank wa l l  and probe 
support  distance.  
be much grea te r  than shownin  Figure 41. 
These curves  a r e  shown i n  F igure  41 
Of course,  i n  a plasma the probe-"collector" 
Consequently, i n  a plasma the probe emiss ion  cu r ren t s  can  
A typical plasma potential curve during acce lera tor  operat ion i s  
shown i n  F igure  36.- In th i s  series of measu remen t s ,  sa tura ted  probe c u r -  
ren ts  a t  t 5 0  volts bias var ied f r o m  0 . 4  to about 7 mil l iamps.  A s  shown i n  
Figure 36, the emitt ing probe cur ren t  normally did not coincide with the 
nonemi t t ing  cu r ren t  a t  bias voltage > V (local plasma potential) ,  nor were  
the two curves  always s t ra ight  o r  paral le l  a t  bias voltage> V . 
plasma potential was not always c lear ly  indicated by the I-V cu rves ,  V 
es t imated  (in o rde r  of credibi l i ty)  f i r s t  f rom the "break" i n  the emitt ing curve  
and second f r o m  the divergence f rom para l le l  of the emitt ing and non-emitting 
cu rves .  
to be useful. 
and 68 cm f rom the acce le ra to r  exit, while probe B was 8. 5 c m  ahead of the 
diode probes and 61. 5 c m  f rom the acce lera tor  exit. 
probe A developed a shor t  to ground, a f t e r  which only probe B data was ob- 
tained. 
P 
Since the 
P 
was  
P 
Any "knee" i n  the non-emitting I-V curve was usually too ill-defined 
As indicated e a r l i e r ,  probe A 'vas 2 c m  ahead of the diode probes 
P a r t  way through the runs ,  
Al l  but th ree  of the 22 plasma potentials were between t 1 6  and t 2 5  
volts f rom ground. 
during the same  run,  probe B showed a 5-7 volt higher V 
In those f e w  cases  w h e ~  both probes A and B were  operated 
than probe A. 
P 
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1 
b 
Q) 
. 
Accel. Conditions 
rf Power Ga s Gas Flow 
(kw) (mg/ s e c )  
N2 0. 42  1 
1 .5  Ar 0. 22 
2 Ar 0. 26 
c 
II 
Plasma  Jet  Ions 
Avg. Energy Energy  Spread 
(ev)  (ev)  
62 31 
61 38 
57 41 
Energy Analyser P robe  Measurements  
F o r  the M a r k  V-L acce lera tor  measu remen t s ,  the energy ana lyser  
This yielded probe response  probe data were recorded  with an X-Y plot ter .  
I-V (current-voltage) curves  such a s  shown i n  F igure  37. 
e l sewhere ,  the ion energy distribution i s  determined f r o m  these I-V cu rves  
by plotting dI/dV vs.  (V-V ), where I is (ion) curyent ,  V i s  probe plate voltage, 
and V is loca l  plasma potential. F o r  this acce le ra to r ,  the potential probe 
usually indicated plasma potentials of about 20 volts i n  the vicinity of the 
energy  ana lyser  probe.  
As mentioned 
P 
P 
The energy ana lyser  probe r e su l t s  a r e  indicated in  Table VI.  
TABLE VI. 
Energy Analyser P robe  Measurements  of the Mark  V - L  Accelerator .  
Only three  ana lyser  probe runs were made on the Mark  V - L  acce le ra to r  because 
g r id  to plate leakage developed during the third ana lyser  probe run ,  and rapidly 
became too se r ious  fo r  fu r the r  use of the probe. 
we see  that the main  body of ions appears to reach  the energy ana lyser  probe 
with a n  energy  sp read  of 30-40 e lec t ron  vol ts ,  and i n  a l l  ca ses  with a n  average  
e(V-V ) energy  of about 60 electron volts.  
However, for  these three  runs ,  
P 
Another fea ture  of these energy ana lyser  probe I -V  curves  ( see  Figure 
3 7 )  is  the indication of another ,  s m a l l e r ,  body of par t ic les  center ing a t  about 
-8 e lec t ron  volts [ e(V-V ) ]  . In  F igure  37 this group i s  indicated a t  a 
sl ightly positive potential because V 
potential. 
ion  gas which en te r s  the probe with l i t t le  o r  no directed energy. 
P 
has  not yet been subtracted f rom the 
P 
This group of par t ic les  might be due to a relatively quiescent 
Such a 
65 
, 
quiescent ion gas might be produced through coll ision of acce le ra to r  ions 
o r  e lectrons with any vacuum chamber ambient gas.  
cen ter  a t  a n  e(V-V ) energy of -8 ra ther  than ze ro  e lec t ron  vol ts ,  is not 
understood, unless the V used is i n  e r r o r  by that amount. This low energy 
group of par t ic les  may a l so  have been present  i n  the Mark  IV-S runs reported 
e l sewhere ,  but their p resence  would not have been discovered due to the 
v e r y  few data points read  in  that voltage range (X-Y plotter not used there) .  
That these par t ic les  
P 
P 
4. SUMMARY AND CONCLUSIONS 
Two basically new things have been done during these s ix  mcnths.  
Axial-injection acce le ra to r s  having a one-inch bore have been operated 
continuously for  severa l  minutes a t  a t ime in  the 2 kilowatt range ,  and a 
sampling probe a r r a y  which can  simultaneously map  the exhaust s t r e a m  
power density ion flux density and ion velocity distribution has  been s u c c e s s -  
fully employed. In each c a s e ,  however, se r ious  disadvantages have been 
revealed which detract  f r o m  the applicability of e i ther  accomplishment.  
axial  injection acce lera tor  has  been shown to have infer ior  power efficiency 
and bas ic  s t ruc tura l  weaknesses .  
probe)  is  suspected to be yielding a substantially lower than actual  power 
value;  it is reasonable to a s s u m e  that the resul t ing ion flux value is  a l s o  too 
sma l l ,  a n  assumption strengthened by the lowness of the measu red  ion f l u x  
re la t ive to injected neutral  flux. 
The 
The probe a r r a y  (and i n  par t icu lar  the diode 
The light bulb filament-type emitt ing probe appea r s  to be useful i n  
es t imat ing the local plasma potential (V ). 
the I-V curves  to become straight  and the frequent  fa i lure  of the emitt ing and 
nonemi t t ing  I-V curves to coincide a t  bias voltages above V 
l e s s  decis ive for  determining plasma potential than could be des i red .  
n o n i d e a l  coiled shape of these f i laments  i s  probably the pr imary cause  of this 
problem. 
V 
However, the frequent fa i lure  of 
P 
render  the method 
P 
The 
In addition we have the problem that even with the probe biased a t  
t he re  is some  tendency for  a hot probe to emi t  e l ec t rons .  This  makes  
P 
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l e s s  ce r t a in  the relationship between the emitting I-V curve  "break" and V . 
P 
Thus,  the I-V curve "knee" of a straight o r  flat non-emitting probe might 
yield a bet ter  o r  m o r e  ce r t a in  value for  V . 
P 
The energy ana lyser  probe appears  to have worked well, except 
that a f t e r  exposure to perhaps 15-30 minutes of acce le ra to r  operation the probe 
developed grid-plate and grid-ground leakage ( see  F igure  18). Upon l a t e r  
disassembling the probe the inside (edge) sur faces  of the Teflon insulators  
\\!ere found to be coated with metal .  This meta l  was not necessar i ly  f r o m  
sputtering off the gr ids  since the outside of the probe body and other objects 
a l s o  (normally)  \vere coated to a t  least  some extent. 
have to be a l te red  to reduce i t s  susceptibility to meta l  deposi ts .  
The probe design wi l l  
This six-month period ended in  the opt imist ic  r e su l t  that  the per iphera l  
injection acce lera tor  i s  possibly a good deal m o r e  efficient than i s  the axial  
injection device. This must  be verified,  however, by total  ca lor imeter  
me a s  urement s. 
5. PROGRAM PLANS 
The next immediate  t a sk  is to  evaluate the Mark  V (per iphera l  
injection) acce le ra to r s  using the total ca lo r ime te r .  
stand i s  expected soon so that hopefully a n  independent, absolute measurement  
of th rus t  and therefore  of m a s s  utilization wil l  be available.  
the diode a r r a y  to m e a s u r e  power accura te ly  will  be considered.  
i n  the potential probes and i n  the energy ana lyser  probe wi l l  be explored. 
Completion of the th rus t  
The inability of 
Improvements 
c 
I 
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